Traditional investigation procedures of soil and groundwater contamination are followed by soil gas sampling, soil sampling, groundwater sampling, establishment of monitoring wells, and groundwater monitoring. It often takes several weeks to obtain the analysis reports, and sometimes, it needs supplemental sampling and analysis to delineate the polluted area. Laser induced fluorescence (LIF) system is designed for the detection of free-phase petroleum pollutants, and it is suitable for onsite real-time site investigation when coupling with a direct push testing tool. Petroleum products always contain polycyclic aromatic hydrocarbon (PAH) compounds possessing fluorescence characteristics that make them detectable through LIF detection. In this study, LIF spectroscopy of 5 major fuel products was conducted to establish the databank of LIF fluorescence characteristic spectra, including gasoline, diesel, jet fuel, marine fuel and low-sulfur fuel. Multivariate statistical tools were also applied to distinguish LIF fluorescence characteristic spectra among the mixtures of selected fuel products. This study successfully demonstrated the feasibility of identifying fuel species based on LIF characteristic fluorescence spectra, also LIF seemed to be uncovered its powerful ability of tracing underground petroleum leakages.
Introduction
Since the promulgation of Soil and Groundwater Pollution Remediation Law in 2000, fuel leakage of underground storage tanks and pipelines has caused 64 gas stations being listed as Soil and Groundwater Pollution Control Site and 15 gas stations being listed as Soil and Groundwater Pollution Remediation Site in Taiwan. The major soil pollutant is total petroleum hydrocarbon (TPH) at contaminated gas stations, and benzene is the most common groundwater pollutant exceeding the regulation standard (Taiwan EPA, 2014) .
Traditional pollution investigation procedures are followed by vapor monitoring, soil gas sampling, soil sampling, establishing monitoring wells and groundwater monitoring (Taiwan EPA, 2006a) . It often takes several weeks to obtain the rough outline of pollution zone at a site, and sometimes supplemental pollution investigation is needed to figure out the detailed contamination. Traditional pollution investigation is often blind sampling, and thus it might obtain nonrepresentative samples involuntarily. Accordingly, expedited site investigation technologies are the better alternative to enhance sample representativeness and data reliability, including geophysical method, direct-push sampling, novel soil gas sampling, on-site organic or metal detection, rapid screening reagents, etc. (Taiwan EPA, 2006b ).
Among on-site organic detection tools, fiber-optical sensors have been developed to promote fast and reliable screening and monitoring of environmental pollutants for several decades (Baumann et al., 2000) . The presence of pollutants might be invisible to optical sensors due to their trace level.
Laser-induced fluorescence (LIF) techniques use laser as excitation source to improve luminescence sensitivity of the analytical tool (Amador-Hernández et al., 2001 ). In the early age, the use of a LIF instrument alone or combined with other optical measurement tools were applied to direct monitoring of gaseous pollutants, such as CO 2 , NO, NO 2 , N 2 O 5 , SO 2 , aerosol particle and aromatic hydrocarbons (Bessler et al., 2003; Miyazaki et al., 2008 ; Suzuki et al. Matsumoto et al., 2005; Matsumi et al., 2005; Taketani et al., 2013; Sirignano et al., 2012) . The successful application of LIF spectroscopy has expanded to the detection of chemicals in water, soil organic matter, solid organic waste, crude oil and soil contaminants (Uebel et al., 1996; Martins et al., 2011; Muller et al., 2011; Hegazi et al., 2005; Lemke et al., 2005) . Based on fluorescence properties of aromatic hydrocarbons, LIF is considered as a non-destructive and fast detection tool of PAHs even at very low concentrations. The advantages of using the LIF technology are simplicity, sensitivity and speediness, and it can preferentially act as a subsurface sensor probe for in situ monitoring of soil and groundwater quality.
LIF technology is developed for on-site real-time pollution investigation, but it has not been widely applied in Taiwan so far. Comparatively, membrane interface probe (MIP) system becomes an essential tool of site investigation and also possesses many successful application showcases in Taiwan recently. Detection target for MIP is mainly dissolved-phase organic pollutants, and the drawback of MIP is less sensitive to semi-volatile organic compounds. Detection target for LIF is free-phase petroleum pollutants that just can compensate for the drawback of MIP. Petroleum products always contain PAH compounds that possess fluorescence characteristics, and thus LIF spectroscopy seems to be favorably utilized as the detection tool. In this study, domestic common-use fuel products were examined their suitability of qualitative or quantitative analyses by LIF spectroscopy. An elemental objective of this study is to establish the databank of LIF fluorescence characteristic spectra, and to recognize LIF fluorescence characteristic spectra of each fuel species. Once fingerprints of contaminants being built up, LIF can be developed as a more reliable and powerful detection tool.
Materials and methods

Testing materials
In this study, 5 common domestic fuel products were selected as target pollutants for test, including unleaded gasoline, aviation jet fuel JP-8 diesel, marine fuel and low sulfur fuel. All testing fuels were obtained from Kaohsiung Refinery Plant of Chinese Petroleum Corporation, Taiwan.
Unleaded gasoline belonging to light-oil type contains C6 to C9 aliphatic, cyclic and minor aromatic hydrocarbons. Aviation jet fuel contains C12 to C16 distilled petrol, kerosene and some anti-freezing or anti-explosive additives. Diesel belonging to middle-oil type contains C9 to C18 n-alkanes, cycloalkanes and aromatic hydrocarbons. Marine fuel contains diesel and multicomponent distilling residuals. Low sulfur fuel belonging to heavy-oil type basically contains various distilling residuals, which has more multi-ring structure molecules than other testing fuels.
Sample preparation
In this study, the samples of fuel mixtures were prepared by blending at a desired mixing volume ratio. Five common domestic fuel products were used as base fuel for blending. Each two kinds of base fuels were blending at an equivalent ratio to prepare 10 samples of two-fuel mixtures. Each three kinds of base fuels were blending at an equivalent ratio to prepare 10 samples of three-fuel mixtures. Unleaded gasoline and diesel were blending at ratios emitter (%RE). The prepared fuel samples were filled into a crystal cell as the specimen, and LIF spectroscopy was conducted on each side of the crystal cell.
Statistical analysis
Results of LIF spectroscopy presented as waveforms of fluorescence characteristic spectra, which were quantified by the intensity of total reference emitter (%RE) and fluorescence response at 350 nm, 400 nm, 450 nm and 500 nm.
The difference between pure-phase fuels might be distin- Each PAH has a unique emission spectrum, which is changing with ring structure and degree of substitution. The testing fuels might contain various aromatic hydrocarbons or any fluorescence reactive components at different abundance levels. Table 1 illustrated fluorescence responses at 4 channels of LIF waveform for each pure-phase fuels. Each specimen was measured on 4 sides of a crystal cell, and each side was measured 10 times by LIF spectroscopy. Thus, the fluorescence responses at 4 channels of waveform in Table 1 Table 1 , each pure-phase fuel possesses its unique and specific fluorescence characteristic spectrum. In general, the larger PAH structure is liable to own the longer absorbance and emission wavelengths. The results of LIF spectroscopy also agreed that the wavelengths of key fluorescence responses are 350 nm for light-oil type fuels shifting to 400 nm or 450 nm for middle-oil type fuels and 450 nm or 500 nm for heavy-oil type fuels. On the PC 2 vs. PC 3 plot, the cluster of each group was isolated well, and 18 testing samples in group 1 was further reorganized into 3 sub-groups. The first sub-group 1-1 is composed of Formosa-made gasoline and JP-8 jet fuel, and the second sub-group 1-2 comprises CPC-made gasoline. The first sub-group 1-1 and the second sub-group 1-2 belong to light-oil type fuels, and the third sub-group 1-3 containing 14 diesel fuel mixtures belongs to middle-oil type fuels.
With the aid of principal component analysis, light-oil type, middle-oil type and heavy-oil type fuels can be easily distinguished from the databank based on their characteristic Taketani, F., Kanaya, Y., Nakamura, T., Nakamura, T., Koizumi, K., Moteki, N., and Takegawa, N., 2013, Measurement of fluorescence spectra from atmospheric single submicron particle using laser-induced fluorescence technique, J. Aerosol. Sci., 58, 1-8.
Uebel, U., Kubitz, J., and Anders, A., 1996, Laser induced fluorescence spectroscopy of phytoplankton and chemicals with regard to an in situ detection in waters, J. Plant Physiol., 148, 586-592.
